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Abstract 
 Forests with species compositions that comprise different physiologic characteristics, 
such as stomatal conductance and xylem anatomy type, use different amounts of water and 
respond differently to climate conditions. In general, isohydric plants with diffuse-porous xylem 
anatomy are more susceptible to drought, while anisohydric plants with ring-porous xylem are 
less susceptible to drought and use less water. The biodiversity and spatial distribution of forests 
of different physiological types in the landscape may impact watershed hydrology and carbon 
cycling. However, few studies have used species-level ecophysiological information to inform 
catchment models or predict future watershed behavior. In this study, we use a spatially-
distributed, process-based model, the Regional Hydro-Ecological Simulation System (RHESSys) 
to simulate a small water supply catchment in Chapel Hill, NC. We apply high resolution field 
data from the USDA Forest Service Forest Inventory and Analysis database to simulate six forest 
types with different physiologic types, an average forest type, and three single-tree-species 
forests. Results indicate that the biodiversity of forests significantly impacts streamflow quantity 
and patterns. Conversion of forests to diffuse-porous-dominated plants may result in decreased 
streamflow relative to ring-porous-dominated plants. Conversion to evergreen plants may cause 
fundamentally different streamflow patterns, especially in the winter months. This work will aid 
the modeling efforts of future local and regional water supply and help us understand the 
hydrologic impacts of changing forest landscapes at the species level due to changing climate 
and forest management actions.  
 
Introduction 
 Due to a combination of population growth, economic expansion, a limitation on new 
source development, and climate change, the Southeast United States is in transition from water 
abundance to water scarcity (Seager et al., 2009). Drought is becoming a dominant focus of 
water supply planning efforts, and the development of robust adaptation strategies is necessary to 
maintain water sustainability. In order to advance water management in the Southeast, we must 
better understand how climate change and land use/land change trends impact regional 
hydrology and drought vulnerability. The broad historical reforestation of abandoned agricultural 
land and shifts in forest species is a critical land use/land change issue (Kim et al., 2014). 
Though this trend may decrease total annual runoff, improve runoff water quality, and improve 
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flood control, it has potentially negative consequences for water supply quantity given the higher 
consumptive rates of forested land (Farley et al., 2005). As a result, forest management can 
significantly impact water supplies, especially with respect to changes in forest attributes such as 
species composition and canopy cover.  
 Public water supplies in the Piedmont of North Carolina are largely dependent on surface 
water flows that may be abstracted directly from streams to treatment plants, or stored in 
reservoirs and other impoundments. Watershed models are used to estimate freshwater runoff 
production under different climate and land cover conditions to determine the adequacy of water 
supplies to current and future demand. To better understand the impacts of future land use/land 
change variations and forest ecosystem dynamics on water supply, we couple ecohydrological 
and land use/land change models to simulate streamflow patterns. These models are typically 
calibrated using historical climate, streamflow, and land cover data. Current models rely on the 
National Land Cover Database (NLCD) to classify forestland into two categories—deciduous or 
evergreen. However, this binary classification fails to capture forest biodiversity or the 
differential response of forests of different types to climate. Current canopy cover and leaf area 
can be specified by look-up table from land use, or can be remotely sensed.  However, future or 
altered conditions must develop leaf area either by direct simulation, or by assimilating 
information from other sources.  In addition, remote sensing methods cannot distinguish between 
species of similar life form (e.g. different species of broad leaf deciduous).  Furthermore, many 
models assume that plant canopy foliage is constant across each forest type, failing to account for 
stands of varying densities, ages, and compositions. While some models do use remotely sensed 
plant canopy foliage data, we are unable address the case of hypothetical future or altered land 
cover and canopy conditions using this method.  
Forests of different physiological types exhibit different behaviors in response to climate 
conditions (Pataki et al., 1998; Pataki and Oren, 2003; Ford et al., 2010). Specifically, the 
amount of water used by a plant and its transpiration response to soil moisture varies based on its 
xylem anatomy and leaf stomatal physiology, two plant characteristics that compose “plant 
functional types” (Taneda and Sperry, 2008). Ring-porous wood, for example, has large conduits 
that embolize in freeze-thaw events and under very dry conditions, so it has less functional 
sapwood area and lower water use. It also is more “risk-taking” in that it prefers high 
photosynthetic uptake despite low soil moisture. Examples of ring-porous wood include Quercus 
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spp. and Fraxinus spp. (Ford et al., 2010). In contrast, diffuse-porous wood has conduits that 
retain function year-round, so it has more functional sapwood area and greater water use; it limits 
transpiration by stomatal closure as soil become drier or atmospheric vapor pressure deficit 
increases. Common diffuse-porous species in the North Carolina Piedmont include Acer rubrum 
and Liriodendron tulipifera (Oren and Pataki, 2001). A third type of xylem, tracheid, is present 
in evergreen trees such as Pinus taeda and P. echinata and has an intermediate water use and 
response to soil moisture (Vose et al., 2016). It is important to consider the physiological type of 
a forest—that is, its relative composition of tree species of various plant functional types—in 
order to more accurately model a forest’s response to temperature, precipitation, and soil 
moisture. 
In addition to the physiologic type of forests, we must also consider potential future 
forest compositions when predicting future watershed hydrology. Different climate scenarios and 
forest management actions may cause different forest compositions to emerge (Elliott et al., 
2015). Increased precipitation, the loss of dominant species due to tree pests and pathogens (e.g. 
hemlock woolly adelgid and southern pine beetle), suppression of fire, and partial cutting may 
lead to the rise of fast-growing diffuse-porous deciduous trees, which are opportunistic and take 
advantage of canopy openings, especially in wet conditions (Elliott and Swank, 2008; Elliott et 
al., 2015). Higher temperatures and altered precipitation patterns may modify the distribution of 
tree species in favor of those more adapted to xerophytic conditions, such as ring-porous species 
(Klos et al., 2009; Clark et al., 2012). Ring-porous species are also generally favored by regular 
succession, prescribed fire, and thinning of mesophytic species (Vose and Elliott, 2016). Early-
succession evergreen (tracheid xylem) species may become more dominant following forest 
clear-cutting, which is particularly common when individuals harvest personal property for 
financial gain (Vose and Ford, 2011).  
In this study, we aim to progress the simulation of water supply catchments by improving 
the representation of forests in terms of their physiologic type and abundance. Rather than use 
forest cover distributions based on the NLCD and rough estimates of plant canopy abundance 
that are equal for all areas of a single forest type, we use more biodiverse forest attribute data 
based on Forest Inventory and Analysis (FIA) data provided by the USDA Forest Service to 
estimate the physiologic type of forests and non-uniform spatial distributions of plant canopy 
abundance. We test the impact of forest biodiversity on catchment hydrology by comparing 
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results to a modeled forest with an “average” tree type that is indistinguishable from a single 
physiologic type. We also aim to predict the effect of future management and climate scenarios 
on hydrology and carbon cycling by examining three simulated forests represented by a single 
tree species: Acer rubrum (diffuse-porous), Quercus alba (ring-porous), and Pinus taeda 
(tracheid). This study aims to answer the following questions:  
1) How does the biodiversity of forests of different physiological types influence 
catchment hydrology and carbon cycling in the Southeastern United States? 
2) How sensitive are water yield, evapotranspiration, and forest productivity to changes 
in species distribution and composition? 
Methods 
Study Area 
 Our study site was the Cane Creek Watershed located in southwestern Orange County, 
North Carolina, within the Piedmont region of the state (USGS gage 02096846; 35° 59’ 14” N, 
79° 12’ 22” W) (Fig. 1). Elevation in the 19.62 km2 catchment ranges from 155 m to 240 m with 
a mean elevation of 196 m (U.S. Geological Survey). Cane Creek is fairly flat; mean slope is 3.5 
degrees and ranges from 0 to 18 degrees. Mean annual temperature is 14.6 °C and seasonally 
ranges 3.5 to 25.3 °C (State Climate Office of North Carolina). Mean annual rainfall is 
approximately 1200 mm, though a noteworthy drought occurred during the study period in 1998-
2002 (Weaver, 2005). Soils are primarily silt loams in the Carolina Slate Belt (Natural Resources 
Conservation Service, USDA). 
 According to the NLCD, 50% of the watershed is composed of deciduous forest, 17% is 
pasture/hay, and 14% is evergreen forest (Fig. 2) (Homer et al., 2015). Primary land uses include 
managed forests, single-family residential homes, and farming. Approximately 35 acres of 
forestland is managed by the Orange Water and Sewer Authority (OWASA), which manages the 
Cane Creek Reservoir located below the stream gage (Halley, 2010). Cane Creek Reservoir was 
built in 1988 by OWASA to supplement water supply in the Chapel Hill and Carrboro 
communities. It flows to the Haw River, which feeds Jordan Lake, another source of regional 
water supply (Wood, 2010). Cane Creek is an ideal study area due to its importance to local 
water supply and because it is impacted by both parcel-level management decisions made by 
individuals as well stand-level decisions made by OWASA.  
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Figure 1. Cane Creek Watershed boundary, satellite imagery, and its location within Orange 
County and North Carolina (U.S. Geological Survey; ESRI; TomTom North America). 
 
 
 
Figure 2. Land cover in Cane Creek Watershed based on the 2011 National Land Cover 
Database (Homer et al., 2015). 
 
Forest Vegetation Data 
 The Forest Inventory and Analysis (FIA) program of the U.S. Department of Agriculture 
Forest Service collects, analyzes, and reports information on the status and trends of America’s 
forests. Forest Service personnel identify and measure all vascular plants within their FIA field 
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plots during “leaf-on” season and classify plots into forest community types that are highly 
correlated with ecosystem properties (Schulz, 2003). FIA plots include both public and private 
land, but their precise location is not released to the public in accordance with the Food Security 
Act of 1985 and to address concerns about plot integrity and vandalism (U.S. Department of 
Agriculture, Forest Service, 2014). However, the data can be summarized in statistical reports 
and extrapolated over a broad area via a “most similar neighbor” approach using canonical 
correlation analysis to provide estimates of the spatial distribution of forest communities and 
abundance (U.S. Department of Agriculture, Forest Service, 1992). FIA data for our study was 
available in two forms: 1) a species summary table for each forest community, and 2) spatial 
realizations of forest communities.  
The species summary table lists the typical tree species present in each of six forest 
community types—Elm/Ash/Cottonwood, Loblolly/Shortleaf Pine, Nonstocked, 
Oak/Gum/Cypress, Oak/Hickory, and Oak/Pine (Appendix A). Mean basal area per acre and 
mean trees per acre are provided for each size class (greater than or equal to 11 inches and less 
than 11 inches) of each species. We first classified each species as having diffuse-porous, semi-
diffuse-porous, ring-porous, semi-ring-porous, or tracheid xylem (Panshin and de Zeeuw, 1970; 
Coder, 2014). Next, we applied allometric equations to estimate the leaf area index (LAI), a 
measure that characterizes plant canopies and evapotranspiration potential, of each tree species 
(Clark et al., 1986; Chen et al., 1997; Naidu et al., 1998; Norris et al., 2001; Sabatia, 2007). We 
applied a correction to the logarithmic allometric equations to reduce systematic bias 
(Baskerville, 1971). Then, for each forest type, we calculated the total LAI for all species of each 
type of xylem and normalized this value by the forest type’s total LAI to develop a xylem 
index—the proportion of total LAI composed of each type of xylem. The full workflow for the 
calculation of the xylem index is available in Appendix B. Sources for allometric equations and 
specific leaf area values are available in Appendix C. 
Spatial data of the six forest communities is available as 20 realizations of an imputed 
map that estimates the forest community type in all 30-meter pixels in Cane Creek Watershed 
that are classified as forest by the NLCD (Coulston et al., in prep.). Because of the random 
variable selection in the nearest neighbor approach that predicts forest community type in pixels 
that are not actually covered by an FIA plot, multiple spatial realizations are required to capture 
uncertainty. Each pixel is defined by one of 6871 pixel IDs, and each pixel ID has an associated 
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forest community type, basal area per acre value, and stand density value. To reduce 
computational load, we created a single map of forest communities by adopting the most 
common pixel ID for each pixel in the 20 realizations. Finally, we created a map of LAI across 
the watershed. Assuming that each pixel has the same tree species composition, size distribution, 
and density as the mean forest community, we calculated the proportion of total basal area per 
acre and total trees per acre from each tree species in each forest community. Then, to calculate 
the LAI for each pixel, we followed the workflow in Appendix B, this time multiplying the 
pixel’s basal area per acre and trees per acre by its proportion of total basal area per acre and 
total trees per acre in that forest type to obtain each species’ theoretical basal area per acre and 
trees per acre in that pixel. The full workflow for the calculation of the LAI map is available in 
Appendix D. Due to the logarithmic nature of allometric equations, some LAI results became 
unbounded; to create a reasonable LAI map, we set all pixels with LAI greater than 10 to 10, an 
acceptable change given that less than 2% of all pixels had LAI greater than 10.  
 
Model: Regional Hydro-Ecological Simulation System 
 To evaluate the effect of various forest scenarios on watershed hydrology and carbon 
dynamics, we employed the Regional Hydro-Ecological Simulation System (RHESSys) model, a 
process-based and geographic information systems-based model that is structured as a spatially 
nested hierarchical representation of the landscape from the patch to full watershed scale (Fig. 3) 
(Band et al., 1993; Tague and Band, 2004). RHESSys simulates ecosystem carbon, water, and 
nitrogen cycling and export in complex terrain and is partially based on the MTN-CLIM, 
BIOME-BGC, and CENTURY models (Running et al., 1987; Running and Hunt, 1993; Parton et 
al. 1996). Primary model inputs include precipitation, temperature, elevation, soils, land use, 
vegetation type, LAI, and soils data. RHESSys also relies on a library of parameters to model the 
behavior of various types of vegetation, soil, and land use. Model outputs can include time series 
of streamflow, evaporation, transpiration, subsurface storage, baseflow, LAI, precipitation, 
photosynthesis, and other processes at temporal scales ranging from hourly to yearly and spatial 
scales ranging from patch to basin. RHESSys code is available online at 
https://github.com/RHESSys/RHESSys. We also used RHESSysWorkflows to aid in the 
development of RHESSys models (https://github.com/selimnairb/RHESSysWorkflows).  
 We created six RHESSys models to simulate various forest scenarios: 
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1. Six Unique Forests: We represented the 6 unique FIA forest types present in the study 
area—Elm/Ash/Cottonwood, Loblolly/Shortleaf Pine, Nonstocked, 
Oak/Gum/Cypress, Oak/Hickory, and Oak/Pine. 
2. Average Forest: The entire watershed was simulated as a single forest type that 
represented a weighted average of the 6 unique forest types. 
3. Red Maple: All forest land is converted to red maple trees. 
4. White Oak: All forest land is converted to white oak trees. 
5. Loblolly Pine: All forest land is converted to loblolly pine trees. 
Be default, RHESSys will use the NLCD and reclassify each pixel as a particular strata—non-
vegetated, grass, deciduous forest, or evergreen forest. While RHESSys can accommodate 
multiple strata per pixel, in this study we only considered methods with a single strata per pixel 
to attempt to achieve desired model behavior with minimal computational rigor. The current 
RHESSys library has “vegetation definition files” that define the vegetation parameters for these 
strata. Because this method does not take into account species biodiversity across the watershed 
and simply represents a generalized deciduous and evergreen tree that is not specific to the 
particular study area, we created new vegetation definition files for each of the five models. For 
the Six Unique Forests model, we identified the species in each xylem type that contributed most 
to LAI for each of the six forest types. Then, we researched new vegetation parameters for each 
of these species, referencing the BIOME-BGC database and field experiments in Coweeta 
Hydrologic Laboratory and Duke Forest (White et al., 2000). To create a vegetation parameter 
file for each forest type, we weighted the parameters of the diffuse-porous, ring-porous, and 
tracheid species’ parameters by their xylem index. To create the Average Forest vegetation 
parameter file, we weighted the vegetation parameter of each of the six unique forest type 
parameter files based on the forest’s contribution to total LAI, plant carbon mass, leaf carbon, 
leaf and stem carbon, or fine root mass, depending on the nature of the vegetation parameter. To 
create the vegetation parameter files for the Red Maple, White Oak, and Loblolly Pine models, 
we referenced the parameters we researched to create the Six Unique Forests model’s vegetation 
parameter files.  
Typically, RHESSys models use the NLCD and reclassify the land covers into reasonable 
LAI values to create an LAI map input file. However, this reclassification only provides 4 unique 
LAI values across the entire watershed and does not account for forests of varying density and 
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age. We used the aforementioned LAI map created using FIA data as the LAI input (Appendix 
D) for all five models. Additionally, elevation data was provided by the National Elevation 
Dataset (U.S. Geological Survey), climate data was extracted from the co-op Station 311677 – 
Chapel Hill 2 W records (State Climate Office of North Carolina), soils data came from the 
Natural Resources Conservation Service’s Soil Survey Geographic Database, and additional land 
cover data came from the 2011 NLCD  (Homer et al., 2015) (U.S. Geological Survey). 
We calibrated model parameters for the Six Unique Forests model and the Average 
Forest model with RHESSysCalibrator (https://github.com/selimnairb/RHESSysCalibrator). Two 
thousand calibration iterations were completed for each model with a spin-up period of five 
water years (1992-1997). We calculated daily Nash-Sutcliffe Efficiencies (NSEs), daily log 
NSEs, weekly NSEs, weekly log NSEs, monthly NSES, yearly NSEs, total bias, summer bias, 
and winter bias for all calibration iterations. To choose 20 parameter sets for further analysis, we 
first selected all parameter sets with less than 20% total bias, summer bias, and winter bias and 
with all NSEs greater than 0. We selected half of the remaining parameter sets based on which 
iterations had the lowest total bias. We selected the other half of the remaining parameter sets 
based on which iterations had the highest weekly NSEs due to the importance of weekly flows 
for water supply. The parameter sets chosen for the Six Unique Forests model were used for the 
Red Maple, White Oak, and Loblolly Pine models.  
 
 
Figure 3. Regional Hydro-Ecological Simulation System (RHESSys) model structure: inputs, 
output, and preprocessing (Tague and Band, 2004). 
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Data Analysis 
 We ran each model using its top 20 parameter sets and analyzed the following daily 
outputs at the basin scale: streamflow, transpiration, evaporation, net photosynthesis, LAI, 
saturation deficit, and precipitation. We considered the values in a 95% confidence interval 
across the 20 model runs. To more easily compare model results and ascertain overall patterns, 
we analyzed aggregated outputs by calculating annual or mean monthly output values. All 
analysis was completed in R (R Development Core Team, 2008). 
 
Results   
Vegetation 
 By creating a modal spatial layer of FIA forest cover, basal area, and stand density, we 
found that 3.1% of forest was Elm/Ash/Cottonwood, 34.5% was Loblolly/Shortleaf Pine, 0.1% 
was Nonstocked, 0.88% was Oak/Gum/Cypress, 48.6% was Oak/Hickory, and 12.8% was 
Oak/Pine (Fig. 4).  Across the watershed, the basal area and stand density peaked at lower 
values, around 100 ft2/acre and 250 trees per acre, respectively (Fig. 5). By applying allometric 
relations to the basal area and tree density, we obtained a novel LAI map (Fig. 6), which 
provided much greater spatial diversity and a larger range of LAI values than the previous 
methods (Fig. 7). 
We found the species richness, total basal area per acre, stand density, LAI, and the 
species of each xylem anatomy that contributed most to LAI for each FIA forest type (Table 1). 
Oak/Gum/Cypress had the greatest LAI of 6.56, largely due to the dominance of Quercus 
pagoda (Cherrybark Oak). Nonstocked had the lowest LAI due to the low basal area and the fact 
that all individuals were small (less than 11 inches diameter at breast height). While Pinus taeda 
(Loblolly Pine) was the most prevalent tracheid species in each forest type, there was greater 
diversity among forest types for the most prevalent diffuse-porous and ring-porous species. We 
also found the distribution of topographic wetness index by forest types, where topographic 
wetness index (TWI) is defined by Beven and Kirby (1979) and was calculated using TauDEM 
(Tarboton, 2004) (Fig. 8). According to the Wilcoxon Rank Sum Test, all forests types 
demonstrated significantly different distributions of TWI except for the pairings of 
Elm/Ash/Cottonwood with Nonstocked and Oak/Hickory with Oak/Pine.  
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 By calculating xylem indices for each forest type, we found that Oak/Gum/Cypress and 
Oak/Hickory had fairly similar distributions of species of xylem types (Fig. 9). The spatial 
distribution of these xylem indices is mapped by color gradient in Figure 10. Oak/Pine and 
Loblolly/Shortleaf Pine had an increased presence of tracheid xylem. Elm/Ash/Cottonwood and 
Nonstocked forests exhibited a greater diffuse-porous presence. Note that Nonstocked forests 
only had one species, Cornus florida, causing a xylem index of 1 for diffuse-porous. The new 
vegetation parameter files that were developed based on these indices and other research are 
available in Appendix E.  
 
Table 1. Summary of the typical number of unique species, total basal area per acre, total stand 
density, leaf area index, and species that contributed most to LAI in each xylem anatomy 
category for each FIA forest community type.  
Forest Type Species 
Richness 
Basal Area 
per Acre 
(ft2/acre) 
Trees 
per 
Acre 
Leaf 
Area 
Index 
Diffuse-
Porous 
Species 
Ring-Porous 
Species 
Tracheid 
Species 
Elm/Ash/ 
Cottonwood 
26 120.47 403.15 4.68 Liquidambar 
styraciflua 
Fraxinus 
americana 
Pinus taeda 
Loblolly/ 
Shortleaf Pine 
34 139.57 1276.13 3.13 Liquidambar 
styraciflua 
Ulmus alata Pinus taeda 
Nonstocked 
 
1 23.09 150.72 1.08 Cornus 
florida 
N/A N/A 
Oak/Gum/ 
Cypress 
20 130.77 428.77 6.56 Acer rubrum Quercus 
pagoda 
Pinus taeda 
Oak/Hickory 
 
41 111.57 901.44 5.29 Liriodendron 
tulipifera 
Quercus 
alba 
Pinus taeda 
Oak/Pine 
 
38 112.93 1158.94 3.91 Liriodendron 
tulipifera 
Quercus 
alba 
Pinus taeda 
 
 
 
Figure 4. The modal forest community type (left), basal area per acre (middle), and stand density 
(right) of the 20 spatial realizations of the imputed FIA forest map. All gray pixels represent non-
forested land cover. These maps were used to produce and LAI map of the study area. The forest 
community type map also served as a land cover input to RHESSys models.  
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Figure 5. Distribution of imputed FIA-based basal area per acre and trees per acre for 30-m 
pixels in Cane Creek Watershed. 
 
Figure 6. A comparison of LAI using current methods (left) and revised methods from this study 
(right). Typically, current models reclassify the NLCD into 4 unique LAI values—0, 1.5, 5, 6. 
Our methods provide greater spatial variability at the pixel-level and provide a greater range of 
LAI values from 0 to 10.  
 
 
Figure 7. Distribution of leaf area index (LAI) for 30-m pixels in Cane Creek Watershed using 
the NLCD-based previous methods (left) and new FIA-based methods (right). 
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Figure 8. Distribution of topographic wetness index (TWI) for 30-m pixels in Cane Creek 
Watershed (Beven and Kirby, 1979; Tarboton, 2004). 
 
Figure 9. Proportion of LAI contribution by species with diffuse-porous, ring-porous, and 
tracheid xylem anatomy in each FIA forest community type. 
 
 
Figure 10. The spatial distribution of xylem indices (Fig. 9), represented by a weighted color, 
where tracheid xylem corresponds to green, ring-porous xylem corresponds to red, and diffuse-
porous xylem corresponds to blue. 
14 
 
Model Calibration 
 In the 6 Unique Forests model, one calibration iteration met the criteria that total bias, 
summer bias, and winter bias all be less than 20% and that all NSEs were greater than 0. Due to 
the low number of iterations that had low bias, we selected 12 parameter sets with highest 
weekly NSEs and 7 parameter sets with minimized total bias. Weekly NSEs in these parameter 
sets ranged from -0.8591 to 0.4306, and total bias ranged from -49.11 to 4.91%. 
 In the Average Forest model, five calibration iterations met the criteria that total bias, 
summer bias, and winter bias all be less than 20% and that all NSEs were greater than 0. We 
selected 8 parameters sets with highest weekly NSEs and 7 parameter sets with minimized total 
bias. Weekly NSEs in these parameter sets ranged from -0.1314 to 0.4909, and total bias ranged 
from -40.70% to 19.54%. 
 
Streamflow 
 We calculated mean monthly streamflow for water years 1998-2010, the period of time 
following a five-year spin-up period that overlapped with observed stream gage data (Fig. 11). 
The 6 Unique Forests and Average Forest models had less streamflow than observed in January 
through May, approximately similar streamflow during the summer, and greater streamflow than 
observed in August through December. The Average Forest model exhibited streamflow closest 
to the observed data in January through August, at which point the 6 Unique Forests model was 
the closest to the observed data. 
 The White Oak model had consistently greater streamflow than the Red Maple model 
throughout the year. However, the differences in streamflow were not large, especially in March 
through August. Both of these models had much greater streamflow than the Loblolly Pine 
model in the dormant season, but this trend was switched in May through October. The Loblolly 
Pine model showed less seasonal response and maintained monthly streamflow between 15 and 
35 mm throughout the year, in contrast to the observed streamflow that ranged 10 to 50 mm or 
the Red Maple model that ranged 10 to 70 mm. The White Oak and Red Maple models had 
higher streamflow than observed throughout the year, while the Loblolly Pine model only had 
higher streamflow than observed after June.  
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Figure 11. Mean monthly streamflow (1998-2010 water years) for the 6 Unique Forests, 
Average Forest, Red Maple, White Oak, and Loblolly Pine models. Observed data from USGS 
gage 02096846 is also presented for comparison (U.S. Geological Survey). 
 
Evapotranspiration 
 The mean monthly evapotranspiration results for water years 1998-2010 largely reflected 
the streamflow results (Fig. 12). Before April, the Average Forest had less evapotranspiration 
(ET) than the 6 Unique Forests, but the opposite trend was occurred after April. The largest 
differences in ET occurred in the growing season, May through September. ET for both models 
peaked in May. 
 The Red Maple forest had greater ET than the White Oak forest throughout the year. 
Both models had peak ET in May, similar to the 6 Unique Forests and Average Forest. However, 
the increase in ET between February and April for the Red Maple and White Oak forests was 
more drastic than in the 6 Unique Forests and Average Forest. Also unlike the 6 Unique Forests 
and Average Forest models, the Red Maple and White Oak forests did not have monotonically 
decreasing ET after May; mean monthly ET dropped approximately 75 mm between May and 
July before slightly increasing again from July to September. The Loblolly Pine forest had 
altogether different patterns and quantities of ET. The peak ET for Loblolly Pine was lower and 
the lowest ET was higher than all other models. Additionally, Loblolly Pine ET peaked in April 
and began its largest decrease after October, one month earlier and later than the other models, 
respectively. Overall, Loblolly Pine ET was relatively more constant throughout the year. 
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Figure 12. Mean monthly evapotranspiration (1998-2010 water years) for the 6 Unique Forests, 
Average Forest, Red Maple, White Oak, and Loblolly Pine models. 
 
Water Balance 
 The observed runoff ratio in Cane Creek Watershed is 0.20 (Table 2). The 6 Unique 
Forests and Average Forest models produced similar runoff ratios of 0.18 and 0.19, respectively. 
The Red Maple and White Oak models produced higher runoff ratios of 0.26 and 0.29 due to 
decreased ET. The Loblolly Pine model runoff ratio of 0.21 was close to the observed runoff 
ratio due to its higher ET than the other single-tree models, but its modeled streamflow was still 
higher than observed. The 6 Unique Forests and Average Forest may have greater change in 
storage than the other models due to their larger precipitation-streamflow-ET magnitudes. 
   
Table 2. Mean annual water balance (1998-2010 water years) for the 6 Unique Forests, Average 
Forest, Red Maple, White Oak, and Loblolly Pine models. Observed data from USGS gage 
02096846 (U.S. Geological Survey) and the Chapel Hill 2 W co-op station (State Climate Office) 
is also presented for comparison.  
Model Observed 6 Unique 
Forests 
Average 
Forest 
Red Maple White Oak Loblolly 
Pine 
Precipitation (mm) 1286.09 1286.09 1286.09 1286.09 1286.09 1286.09 
Streamflow (mm) 253.08 225.38 243.47 335.96 372.77 269.12 
Evapotranspiration (mm) 1033.01 1078.3 1064.41 949.79 906.16 1027.6 
P-Q-ET (mm) 0.00 -17.59 -21.78 0.35 7.16 -10.63 
Runoff Ratio 0.20 0.18 0.19 0.26 0.29 0.21 
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Saturation Deficit  
 We examined the mean daily saturation deficit depth, or depth to water table, for each 
model (Fig. 13). The water table in the 6 Unique Forests and Average Forest remained relatively 
constant throughout the year, though the 6 Unique Forests water table was lower than that of the 
Average Forest. The water tables for the single-tree models were approximately five times 
deeper and more variable over the year, highest in February. The saturation deficit for the Red 
Maple and White Oak models was nearly identical over time. The Loblolly Pine model 
experienced less variability over time; its range was less than that of Red Maple and White Oak 
by about 25%. 
 
 
Figure 13. Mean daily saturation deficit (1998-2010 water years) for the 6 Unique Forests, 
Average Forest, Red Maple, White Oak, and Loblolly Pine models. Note that the Red Maple and 
White Oak line are overlapping. 
 
Carbon Dynamics 
 The pattern of LAI over time differed for each model (Fig. 14). While the peak LAI was 
the same for the 6 Unique Forests and Average Forest, the Average Forest had a lower LAI in 
the dormant season. Red Maple and White Oak forests had equal LAI in the dormant season, but 
Red Maple had a higher LAI in the growing season; both the troughs and peaks were more 
extreme than the 6 Unique Forests and Average Forest. Loblolly Pine had the highest LAI in the 
dormant season and a peak LAI between Red Maple and white Oak. The peak LAIs of the single 
trees group together, while the minimum LAI of all models is more diverse.  
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 Net annual canopy photosynthesis, the net amount of primary production after accounting 
for the cost of plant respiration, was very similar for the 6 Unique Forests, Average Forest, and 
White Oak forest at around 1.45 kg C per square meter (Fig. 15). Net annual photosynthesis in 
the Red Maple forest was 0.92 kg C per square meter, while the Loblolly Pine forest had the 
lowest photosynthetic activity at 0.61 kg C per square meter. 
 
Figure 14. LAI patterns for the 2001-2003 water years for the 6 Unique Forests, Average Forest, 
Red Maple, White Oak, and Loblolly Pine models. Note that the troughs of the Red Maple line 
are covered by the White Oak line. 
 
 
Figure 15. Mean annual net photosynthesis (1998-2010 water years) for the 6 Unique Forests, 
Average Forest, Red Maple, White Oak, and Loblolly Pine models. 
 
Discussion 
Streamflow and Evapotranspiration 
 The 6 Unique Forests model and Average Forest model exhibited generally similar 
streamflow and ET quantities and patterns. However, both models’ streamflow was less than 
observed streamflow before July and greater than observed after July. This switch may indicate 
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changes in storage in the model during the growing season that differ from reality; if we are 
overestimating ET in these models (Table 2) during the growing season, then the resulting low 
soil moisture at the end of the growing season may cause any new precipitation in the dormant 
season to be used for groundwater recharge. In particular, ET results indicate that the Average 
Forest may be overestimating ET, especially in the 6 Unique Forests, in the early months of the 
year, and underestimating ET, especially in the Average Forest, in the later months of the year. 
Differences may occur due to overestimated stomatal conductance or the incorrect timing of 
phenology. For example, in actuality, not all trees produce their first leaves of the growing 
season on the same date, but the modeled forests demonstrate this behavior.  
 Streamflow results for homogenous forests were generally as expected. The White Oak 
model has higher streamflow, likely due to its ring-porous, anisohydric behavior that uses less 
water than the diffuse-porous Red Maple forest. However, seeing as both these trees are 
deciduous and many vegetation parameters were fairly similar, the differences in streamflow and 
ET were not large and less than expected. The Loblolly Pine forest had much greater differences 
in streamflow and ET due to its purely evergreen nature; ET is always occurring to some extent 
throughout the entire year, causing less overall streamflow in the growing season and less 
seasonality. The Loblolly Pine forest represents a trade-off; streamflow is more consistent across 
the year, but the quantity is lower except during mid-summer to early-fall. Our results are 
consistent with Swank and Douglass (1974), who experimentally observed that converting a 
more diverse oak-hickory forest to pine reduced streamflow, especially during the dormant 
season. Bosch and Hewlett (1982) also note the strong impact of coniferous forest change on 
water yield. 
 The significant differences in streamflow quantity and patterns between the 6 Unique 
Forests/Average Forest models and the single-tree models indicates that forest biodiversity, both 
when modeled explicitly (6 Unique Forests) or implicitly (Average Forest), does matter when 
you are considering changes in hydrologic regime. Few studies have measured the impact of 
forest biodiversity on streamflow, but if forests become more homogeneous due to growth in 
forest plantations for economic gain, ecological homogenization due to urbanization, changing 
climate that prefers particular species, and alien species invasion, perhaps we should consider 
potential changes in streamflow and ET, which has implications for biogeochemical cycling, 
animal habitat, and human drinking water supply. 
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Water Balance and Phenology 
 Despite having higher stomatal conductance and greater water use than the average tree, 
the diffuse-porous Red Maple tree had higher streamflow and lower ET than the 6 Unique 
Forests or the Average Forest. This counterintuitive result is a product of leaf phenology. Due to 
leaf drop during the dormant season, the Red Maple and White Oak forests have a period of very 
low ET, causing higher runoff ratios than observed despite stomatal conductance behavior. To 
improve model behavior, we should do more research, utilizing local field data, to increase the 
accuracy of phenology-related vegetation parameters. Phenology has a striking impact on 
streamflow patterns, so perhaps the difference between evergreen and deciduous trees has a more 
important role in future water supply patterns rather than the difference between ring-porous and 
diffuse-porous xylem anatomy (Ford et al., 2010). 
Southeastern forests have recently seen a rise in diffuse-porous species despite rising 
temperatures (Elliott et al., 1999). Additionally, streamflow seems to be increasing across the 
Eastern United States (Lins and Slack, 1999). It is possible that these trends are related, and more 
work should be done to explicitly relate these trends and predict future species compositions and 
resulting streamflow. 
 
Carbon Dynamics and Water Use Efficiency  
 Red Maple and Loblolly Pine forests had less photosynthetic productivity than other 
models, even though these trees had higher stomatal conductance. We can infer that the 6 Unique 
Forests, Average Forest, and White Oak forest more efficiently use soil moisture to sequester 
carbon. These results agree with general observations and considerations of other studies (Bréda 
et al., 2006). Therefore, in addition to changes in catchment hydrology, it may be important to 
consider changes in forest growth relative to water use, depending on the forest management and 
water supply goals of stakeholders. In the face of increasing drought, stakeholders who are 
responsible for both maintaining streamflow and growing trees for economic gain may need to 
carefully consider forest species composition.  
 
Future Extensions  
 There are many sources of uncertainty in this study. Spatial FIA data is imputed using 
canonical correlation analysis and is not provided in explicit spatial terms, so we cannot be 
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certain that our spatial distribution or relative proportion of FIA forest types is correct. 
Additionally, we only used a “modal” layer of 20 imputations in this analysis. Furthermore, 
species-level data represented an average FIA plot of each forest type; we assumed each pixel of 
a forest type had the same species composition, neglecting the inherent species and size diversity 
within single forest types. The allometric equations we used were not always species-specific 
and could provide incorrect estimates of tree biomass. The specific leaf area values and water-
related vegetation parameters we used to convert tree biomass to LAI, while based on published 
field data, may vary by geographic region, and we were unable to identify specific leaf area 
values that were all specific to the southeastern United States. Finally, the parameter sets we 
used to run RHESSys models were derived from a single 2000-iteration calibration session, and 
parameter sets tended to produce either decent NSEs or low bias, but not both conditions. Future 
extensions of this study could involve ground-truth FIA data in Cane Creek Watershed; running 
analysis on all 20 FIA imputations; researching or developing NC Piedmont-specific and 
species-specific allometric equations and specific leaf area values; and running further 
calibrations.  
 One drawback of this study is that in the Red Maple, White Oak, and Loblolly Pine 
models, all trees in the watershed were transformed to a single species. The location of trees of 
different physiological-types along a topographic gradient, however, does impact stomatal 
conductance and water yield (Pataki and Oren, 2003). The percent cover of forest, which is 
manipulated through forest thinning, also has varying impacts on water yield depending on forest 
physiologic type (Bosch and Hewlett, 1982). Future studies should consider novel spatial 
distributions of forests of different physiological types and implement forest thinning to better 
model real-life species distributions and forest management actions.  
 
Conclusion 
 This study found that high resolution forest survey data can be used to inform hydrologic 
models and simulate the impact of forest biodiversity, future climate, and management decisions. 
We found that forest biodiversity, when characterized both explicitly and implicitly, does 
significantly impact streamflow quantity and patterns. Modeled diffuse-porous-dominated forests 
exhibited lower streamflow and higher ET than ring-porous-dominated forests. However, the 
difference between deciduous versus evergreen forests may be more important to hydrology than 
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differences between ring-porous and diffuse-porous xylem anatomy. Specifically, increased pine 
plantations could pose threats to water supply availability, especially during the winter. These 
methods and results can be used to aid RHESSys models in other regions and predict hydrologic 
and carbon-related outcomes that result from climate change scenarios, urban development, and 
forest management actions.  
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Appendix A 
FIA summary data for Orange, Durham, Chatham, and Wake counties in North Carolina. Size 
class “ge11” corresponds to greater than or equal to 11 inches diameter at breast height (dbh), 
and size class “lt11” corresponds to less than 11 inches dbh.  
 
Forest Type Species Size Class 
Basal Area Per Acre 
(ft2/acre) Trees per Acre 
Elm/Ash/Cottonwood Acer negundo ge11 4.080282 3.364281 
 Acer rubrum ge11 15.91323 8.971417 
 Acer rubrum lt11 5.22687 42.55371 
 Acer saccharinum lt11 0.185017 1.121427 
 Ailanthus altissima ge11 0.740068 1.121427 
 Betula nigra ge11 2.344853 2.242854 
 Betula nigra lt11 0.528548 15.09076 
 Carpinus caroliniana lt11 2.699241 46.39371 
 Carya glabra lt11 0.540433 1.121427 
 Catalpa bignonioides lt11 0.185017 1.121427 
 Cornus florida lt11 0.109712 13.96933 
 Fraxinus americana ge11 2.49568 1.121427 
 Fraxinus pennsylvanica ge11 2.107053 2.242854 
 Fraxinus pennsylvanica lt11 0.713401 1.121427 
 Juniperus virginiana ge11 0.986492 1.121427 
 Juniperus virginiana lt11 1.317565 3.364281 
 Liquidambar styraciflua ge11 30.11881 19.06426 
 Liquidambar styraciflua lt11 6.124472 42.51722 
 Liriodendron tulipifera ge11 12.43797 8.971417 
 Liriodendron tulipifera lt11 1.133344 2.242854 
 Morus alba ge11 0.866124 1.121427 
 Morus rubra lt11 0.185017 1.121427 
 Nyssa sylvatica lt11 0.334927 1.121427 
 Pinus taeda ge11 4.008354 1.121427 
 Pinus taeda lt11 4.402699 71.05959 
 Platanus occidentalis ge11 5.769471 2.242854 
 Platanus occidentalis lt11 1.542822 13.96933 
 Quercus alba lt11 0.495417 1.121427 
 Quercus nigra ge11 1.879222 2.242854 
 Quercus nigra lt11 0.317067 1.121427 
 Quercus phellos ge11 1.665153 1.121427 
 Quercus phellos lt11 0.353275 1.121427 
 Quercus rubra ge11 1.065698 1.121427 
 Salix nigra lt11 1.185403 4.760179 
 Sassafras albidum lt11 0.159084 1.121427 
 Ulmus alata lt11 0.844656 2.242854 
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 Ulmus americana ge11 0.940437 1.121427 
 Ulmus americana lt11 4.469332 75.45381 
Loblolly/Shortleaf 
Pine Acer barbatum lt11 0.039556 2.009034 
 Acer rubrum ge11 0.438273 0.483842 
 Acer rubrum lt11 3.277028 121.5526 
 Ailanthus altissima lt11 0.010957 2.009034 
 Carya alba lt11 0.447506 8.358698 
 Carya glabra lt11 0.66686 13.18317 
 Cercis canadensis lt11 0.103546 6.027103 
 Cornus florida lt11 0.64787 38.33293 
 Diospyros virginiana lt11 0.03062 0.161281 
 Fagus grandifolia lt11 0.013258 2.009034 
 Fraxinus americana lt11 0.400529 14.22452 
 Fraxinus pennsylvanica lt11 1.484863 12.552 
 Ilex opaca lt11 0.524144 24.77194 
 Juniperus virginiana ge11 0.242997 0.322562 
 Juniperus virginiana lt11 1.781079 49.84541 
 Liquidambar styraciflua ge11 1.326139 1.464685 
 Liquidambar styraciflua lt11 9.580778 227.053 
 Liriodendron tulipifera ge11 0.449682 0.322562 
 Liriodendron tulipifera lt11 2.336824 47.3507 
 Nyssa sylvatica lt11 0.780734 23.06706 
 Oxydendrum arboreum lt11 1.36093 49.67622 
 Pinus echinata ge11 1.067795 1.128966 
 Pinus echinata lt11 2.38373 14.77495 
 Pinus taeda ge11 38.11495 35.39267 
 Pinus taeda lt11 53.6917 301.6009 
 Pinus virginiana ge11 1.873032 1.787247 
 Pinus virginiana lt11 4.873708 46.16203 
 Platanus occidentalis lt11 0.015778 2.009034 
 Prunus serotina lt11 0.570024 18.56515 
 Quercus alba ge11 1.193962 0.980843 
 Quercus alba lt11 2.233126 37.3792 
 Quercus coccinea ge11 0.108379 0.161281 
 Quercus coccinea lt11 0.330204 3.138 
 Quercus falcata ge11 0.233708 0.161281 
 Quercus falcata lt11 1.467437 24.37047 
 Quercus nigra lt11 0.737927 31.29342 
 Quercus phellos ge11 0.339228 0.322562 
 Quercus phellos lt11 1.579134 30.38441 
 Quercus rubra ge11 0.315909 0.322562 
 Quercus rubra lt11 0.243059 8.358698 
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 Quercus stellata lt11 0.097046 4.179349 
 Quercus velutina lt11 0.367229 2.976719 
 Robinia pseudoacacia lt11 0.129515 8.036137 
 Ulmus alata lt11 1.211621 51.35744 
 Ulmus americana lt11 0.284396 6.349664 
 Ulmus rubra ge11 0.167516 0.161281 
Nonstocked Cornus florida lt11 23.09044 150.7181 
Oak/Gum/Cypress Acer barbatum ge11 1.987451 1.577227 
 Acer barbatum lt11 0.483874 1.577227 
 Acer rubrum ge11 39.80649 22.08118 
 Acer rubrum lt11 12.64329 106.9786 
 Carpinus caroliniana lt11 0.260216 1.577227 
 Celtis occidentalis ge11 5.046478 4.731681 
 Celtis occidentalis lt11 0.374712 1.577227 
 Fraxinus caroliniana lt11 1.472315 58.94136 
 Fraxinus pennsylvanica lt11 5.45341 45.60315 
 Ilex opaca lt11 0.919575 3.154454 
 Liquidambar styraciflua ge11 15.45582 14.19504 
 Liquidambar styraciflua lt11 1.368237 22.80157 
 Liriodendron tulipifera ge11 4.590218 1.577227 
 Liriodendron tulipifera lt11 3.76174 9.463362 
 Morus rubra lt11 0.386153 1.577227 
 Oxydendrum arboreum lt11 0.232603 1.577227 
 Pinus taeda ge11 1.387448 1.577227 
 Prunus serotina lt11 1.517083 3.154454 
 Quercus alba ge11 1.476223 1.577227 
 Quercus alba lt11 1.312654 19.64712 
 Quercus pagoda ge11 13.21848 1.577227 
 Quercus pagoda lt11 0.279485 1.577227 
 Quercus phellos lt11 1.906159 24.3788 
 Quercus rubra ge11 1.238716 1.577227 
 Ulmus alata lt11 0.241636 1.577227 
 Ulmus americana ge11 4.833144 3.154454 
 Ulmus americana lt11 4.582523 47.18037 
 Ulmus rubra ge11 2.944102 1.577227 
 Ulmus rubra lt11 1.594153 21.22435 
Oak/Hickory Acer barbatum ge11 0.360068 0.155573 
 Acer rubrum ge11 3.757968 3.292421 
 Acer rubrum lt11 6.432141 105.0094 
 Ailanthus altissima lt11 0.293266 2.560229 
 Betula nigra lt11 0.026609 0.155573 
 Carpinus caroliniana ge11 0.228772 0.311146 
 Carpinus caroliniana lt11 1.555939 47.39823 
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 Carya alba ge11 0.363784 0.311146 
 Carya alba lt11 0.867792 12.03597 
 Carya glabra ge11 1.499199 1.400159 
 Carya glabra lt11 1.369769 27.99348 
 Celtis occidentalis lt11 0.329856 4.510857 
 Cercis canadensis lt11 0.234862 7.907317 
 Cornus florida lt11 0.867538 42.27267 
 Diospyros virginiana lt11 0.118603 0.311146 
 Fagus grandifolia ge11 0.136854 0.155573 
 Fagus grandifolia lt11 0.39259 17.90814 
 Fraxinus americana ge11 0.329293 0.155573 
 Fraxinus americana lt11 0.673808 10.77869 
 Fraxinus pennsylvanica lt11 0.174324 0.622293 
 Ilex opaca lt11 1.760677 68.9193 
 Juglans nigra ge11 0.112214 0.155573 
 Juglans nigra lt11 0.148312 2.261774 
 Juniperus virginiana lt11 1.408535 27.21562 
 Liquidambar styraciflua ge11 10.17825 8.750175 
 Liquidambar styraciflua lt11 11.86352 143.8492 
 Liriodendron tulipifera ge11 13.20976 7.413477 
 Liriodendron tulipifera lt11 6.684102 86.66077 
 Nyssa sylvatica ge11 0.587974 0.622293 
 Nyssa sylvatica lt11 1.563264 20.33932 
 Ostrya virginiana lt11 0.195862 6.124954 
 Oxydendrum arboreum ge11 0.114174 0.155573 
 Oxydendrum arboreum lt11 1.576955 26.53496 
 Pinus echinata ge11 1.331324 1.089012 
 Pinus echinata lt11 0.26723 0.634985 
 Pinus taeda ge11 1.004653 1.089012 
 Pinus taeda lt11 2.016756 19.35984 
 Pinus virginiana lt11 0.067209 0.155573 
 Prunus serotina lt11 1.338296 34.5057 
 Quercus alba ge11 9.492643 6.610227 
 Quercus alba lt11 4.173022 39.29928 
 Quercus coccinea ge11 0.480571 0.46672 
 Quercus coccinea lt11 0.428181 3.956911 
 Quercus falcata ge11 3.92962 1.536752 
 Quercus falcata lt11 0.820797 14.20054 
 Quercus laurifolia ge11 0.31279 0.155573 
 Quercus nigra ge11 1.496747 0.155573 
 Quercus nigra lt11 0.296532 10.32466 
 Quercus pagoda ge11 0.325526 0.311146 
 Quercus phellos ge11 2.184657 1.244585 
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 Quercus phellos lt11 0.233658 2.562759 
 Quercus prinus lt11 0.034754 0.155573 
 Quercus rubra ge11 1.488737 0.933439 
 Quercus rubra lt11 1.031245 12.19154 
 Quercus stellata ge11 1.828789 1.866878 
 Quercus stellata lt11 0.381734 2.715802 
 Quercus velutina ge11 1.044041 0.634985 
 Quercus velutina lt11 0.247198 4.342591 
 Sassafras albidum lt11 0.157296 2.562759 
 Tree unknown lt11 0.30567 5.813808 
 Ulmus alata ge11 0.716054 0.777866 
 Ulmus alata lt11 2.419655 30.01593 
 Ulmus americana ge11 0.404478 0.46672 
 Ulmus americana lt11 1.420116 16.74807 
 Ulmus rubra ge11 0.395874 0.155573 
 Ulmus rubra lt11 0.079835 0.155573 
Oak/Pine Acer barbatum lt11 0.106049 0.269124 
 Acer negundo lt11 0.170573 0.538249 
 Acer rubrum ge11 2.028387 2.152994 
 Acer rubrum lt11 6.720869 116.0529 
 Asimina triloba lt11 0.066005 3.352413 
 Betula nigra ge11 0.25189 0.269124 
 Betula nigra lt11 0.094072 0.538249 
 Carpinus caroliniana lt11 1.219036 67.31739 
 Carya alba ge11 1.725169 1.614746 
 Carya alba lt11 0.346816 10.86461 
 Carya glabra ge11 0.222064 0.269124 
 Carya glabra lt11 1.32128 28.16493 
 Carya ovata lt11 0.056422 0.269124 
 Catalpa bignonioides lt11 0.073992 0.269124 
 Cercis canadensis lt11 0.34374 36.87655 
 Cornus florida lt11 1.849994 64.77235 
 Diospyros virginiana lt11 0.269547 7.512199 
 Fagus grandifolia lt11 0.522843 8.050448 
 Fraxinus americana ge11 0.594827 0.538249 
 Fraxinus americana lt11 0.47466 17.83856 
 Gleditsia triacanthos ge11 0.448106 0.538249 
 Ilex opaca lt11 0.628785 14.75527 
 Juglans nigra lt11 0.645715 10.59549 
 Juniperus virginiana ge11 0.197508 0.269124 
 Juniperus virginiana lt11 2.406269 37.97632 
 Liquidambar styraciflua ge11 5.174023 4.305988 
 Liquidambar styraciflua lt11 10.38516 246.2733 
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 Liriodendron tulipifera ge11 10.47487 7.557436 
 Liriodendron tulipifera lt11 4.968194 59.04438 
 Nyssa sylvatica lt11 0.577953 17.56944 
 Oxydendrum arboreum ge11 0.368272 0.538249 
 Oxydendrum arboreum lt11 1.498082 24.54339 
 Pinus echinata ge11 1.552148 1.905826 
 Pinus echinata lt11 1.691052 7.389277 
 Pinus taeda ge11 18.38272 12.69275 
 Pinus taeda lt11 13.41671 165.1336 
 Pinus virginiana ge11 1.915733 1.614746 
 Pinus virginiana lt11 1.816413 10.47257 
 Prunus serotina lt11 1.079318 35.13888 
 Quercus alba ge11 6.754925 3.789696 
 Quercus alba lt11 2.982342 51.79998 
 Quercus coccinea lt11 0.560284 4.472823 
 Quercus falcata ge11 0.573794 0.538249 
 Quercus falcata lt11 0.712046 1.614746 
 Quercus phellos ge11 0.214901 0.269124 
 Quercus phellos lt11 0.265283 17.05315 
 Quercus rubra ge11 0.567541 0.538249 
 Quercus rubra lt11 0.497707 4.989115 
 Quercus stellata ge11 0.233029 0.269124 
 Quercus stellata lt11 0.060121 0.269124 
 Quercus velutina ge11 0.465059 0.269124 
 Quercus velutina lt11 0.17872 0.538249 
 Sassafras albidum lt11 0.084208 0.538249 
 Ulmus alata lt11 0.597634 24.81251 
 Ulmus americana ge11 0.879802 0.807373 
 Ulmus americana lt11 0.977673 13.28673 
 Ulmus rubra lt11 0.238247 7.243075 
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Appendix B 
Workflow to calculate the LAI of each species given species name, size class, mean basal area 
per acre, and mean trees per acre. Analysis was completed in R (R Development Core Team, 
2008). 
 
For each species in each forest type: 
 
Basal Area per Tree (
𝑓𝑡2
𝑡𝑟𝑒𝑒
) =
Basal Area per Acre (
𝑓𝑡2
𝑎𝑐𝑟𝑒) 
Trees per Acre
 
 
Quadratic Mean Diameter (𝑖𝑛) = 12 ∗ 
√4 ∗ Basal Area per Tree (
𝑓𝑡2
𝑡𝑟𝑒𝑒) 
𝜋
 
 
Allometric Equations: 
Wood/Bark/Foliage Weight (𝑙𝑏) =   a ∗ Quadratic Mean Diameter (𝑖𝑛)2
𝑏
 
Wood/Bark Weight (𝑙𝑏) =   a′ ∗ Quadratic Mean Diameter (𝑖𝑛)2
𝑏′
 
 
 
Foliage Weight (𝑙𝑏) =  Wood/Bark/Foliage Weight (𝑙𝑏)  − Wood/Bark Weight (𝑙𝑏)  
 
Foliage Mass (𝑘𝑔) = Foliage Weight (𝑙𝑏) ∗ 453.592 / 1000 
 
Area per Tree (
𝑚2
𝑡𝑟𝑒𝑒
) = Foliage Mass (𝑘𝑔) ∗ Specific Leaf Area (
𝑚2
𝑘𝑔
) 
Leaf Area Indexspecies = Area per Tree (
𝑚2
𝑡𝑟𝑒𝑒
) ∗ Trees per Acre ∗  0.000247105 
 
Workflow to calculate the xylem index for each forest type given the LAI of each species in that 
forest type. 
 
Total Leaf Area Index =  ∑ Leaf Area Index species 
 
Diffuse − porous Index =  
∑ Leaf Area Indexdiffuse−porous species
Total Leaf Area Index
 
 
Ring − porous Index =  
∑ Leaf Area Indexring−porous species
Total Leaf Area Index
 
 
Tracheid Index =  
∑ Leaf Area Indextracheid species
Total Leaf Area Index
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Appendix C 
Sources of allometric equations and specific leaf area (SLA) values (m2/kg leaf) for all species in 
the FIA summary data (Appendix A). 
 
Species 
Allometric Equation 
Source Allometric Equation SLA Source SLA  
Acer barbatum Clark et al., 1986 Soft Hardwoods Tyree et al., 1999 52.6 
Acer negundo Clark et al., 1986 Soft Hardwoods Martin et al., 1998 19.64 
Acer rubrum Clark et al., 1986 Soft Hardwoods Shelburne et al., 1993 16 
Acer saccharinum Clark et al., 1986 Soft Hardwoods Pataki et al., 1998 2.77 
Ailanthus altissima Clark et al., 1986 Soft Hardwoods Grotkopp and Rejmánek, 2007 11.76 
Asimina triloba Clark et al., 1986 Soft Hardwoods Young and Yavitt, 1987 12.67 
Betula nigra Clark et al., 1986 Hard Hardwoods White et al., 2000 22.2 
Carpinus 
caroliniana Clark et al., 1986 Hard Hardwoods Pataki et al., 1998 16 
Carya alba Clark et al., 1986 Hickory species Pataki et al., 1998 16.5 
Carya glabra Clark et al., 1986 Hickory species (Hickory Average) 17.35 
Carya ovata Clark et al., 1986 Hickory species White et al., 2000 18.2 
Catalpa 
bignonioides Clark et al., 1986 Hard Hardwoods White et al., 2000 18.17 
Celtis occidentalis Clark et al., 1986 Soft Hardwoods White et al., 2000 17.06 
Cercis canadensis Clark et al., 1986 Soft Hardwoods White et al., 2000 10.2 
Cornus florida Clark et al., 1986 Hard Hardwoods Grotkopp and Rejmanek, 2007 19.47 
Diospyros 
virginiana Clark et al., 1986 Hard Hardwoods Young and Yavitt, 1987 39.6 
Fagus grandifolia Clark et al., 1986 Hard Hardwoods White et al., 2000 11.8 
Fraxinus 
americana Clark et al., 1986 Hard Hardwoods Parker, O'Neill, and Higman, 1989 21.95 
F. caroliniana Clark et al., 1986 Hard Hardwoods Parker, O'Neill, and Higman, 1989 10.86 
F. pennsylvanica Clark et al., 1986 Hard Hardwoods White et al., 2000 13.45 
Gleditsia 
triacanthos Clark et al., 1986 Hard Hardwoods White et al., 2000 11.2 
Ilex opaca Clark et al., 1986 Hard Hardwoods Yu, 2013 8.5 
Juglans nigra Clark et al., 1986 Hard Hardwoods White et al., 2000 12.1 
Juniperus 
virginiana Norris et al., 2001 Live branches: Foliage White et al., 2000 8.4 
Liquidambar 
styraciflua Clark et al., 1986 Sweetgum White et al., 2000 12.5 
Liriodendron 
tulipifera Clark et al., 1986 Yellow-poplar White et al., 2000 15.4 
Morus alba Clark et al., 1986 Soft Hardwoods Pataki et al., 1998 11.8 
Morus rubra Clark et al., 1986 Soft Hardwoods Meadows and Hodges, 2001 12.14 
Nyssa sylvatica Clark et al., 1986 Soft Hardwoods (Oak Average) 11.84 
Ostrya virginiana Clark et al., 1986 Hard Hardwoods Grotkopp and Rejmanek, 2007 19.41 
Oxydendrum 
arboreum Clark et al., 1986 Soft Hardwoods Guo et al., 2002 11.44 
Pinus echinata Sabatia, 2007 DBH-only Foliage White et al., 2000 11.1 
Pinus taeda Naidu et al., 1998 Dominant Needle Manley, 2016 20 
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Mass 
Pinus virginiana Naidu et al., 1998 
Dominant Needle 
Mass Manley, 2016 20 
Platanus 
occidentalis Clark et al., 1986 Sycamore Pataki et al., 1998 26.4 
Prunus serotina Clark et al., 1986 Soft Hardwoods Gardner and Krauss, 2001 11.17 
Quercus alba Clark et al., 1986 White oak Schaff et al., 2003 4.95 
Quercus coccinea Clark et al., 1986 Scarlet oak Yu, 2013 12.5 
Quercus falcata Clark et al., 1986 South. red oak White et al., 2000 12.23 
Quercus laurifolia Clark et al., 1986 Hard Hardwoods White et al., 2000 10.8 
Quercus nigra Clark et al., 1986 Hard Hardwoods Knapp and Carter, 1998 10 
Quercus pagoda Clark et al., 1986 South. red oak Spasojevic et al., 2014 8.65 
Quercus phellos Clark et al., 1986 Hard Hardwoods White et al., 2000 14.65 
Quercus prinus Clark et al., 1986 Hard Hardwoods White et al., 2000 14.13 
Quercus rubra Clark et al., 1986 Hard Hardwoods Jones and McLeod, 1990 26.13 
Quercus stellata Clark et al., 1986 Hard Hardwoods Lamers et al., 2005 10 
Quercus velutina Clark et al., 1986 Hard Hardwoods Antunez et al., 2001 31.1 
Robinia 
pseudoacacia Clark et al., 1986 Hard Hardwoods Shiflett et al., 2014 7.2 
Salix nigra Clark et al., 1986 Soft Hardwoods Pataki et al., 1998 10.4 
Sassafras albidum Clark et al., 1986 Soft Hardwoods Martin et al., 1998 12.3 
Tree unknown Clark et al., 1986 All Species Knepp et al., 2005 40 
Ulmus alata Clark et al., 1986 Hard Hardwoods White et al., 2000 22.95 
Ulmus americana Clark et al., 1986 Hard Hardwoods White et al., 2000 3 
Ulmus rubra Clark et al., 1986 Hard Hardwoods Pataki et al., 1998 15.2 
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Appendix D 
Workflow to calculate the LAI of each pixel given basal area per acre and trees per acre for each 
pixel in the modal FIA spatial realization. 
 
For each species in each pixel: 
 
Proportion of Forest Type Basal Area =  
Basal Area per Acre (
𝑓𝑡2
𝑎𝑐𝑟𝑒)
Total Basal Area per Acre in Forest Type
  
 
Proportion of Forest Trees per Acre =  
Trees per Acre 
Total Trees per Acre in Forest Type
 
 
Basal Area per Acre (
𝑓𝑡2
𝑎𝑐𝑟𝑒
) = Proportion of Forest Type Basal Area ∗ Pixel Basal Area  
 
Trees per Acre = Proportion of Forest Trees per Area ∗ Pixel Trees per Acre 
 
Basal Area per Tree (
𝑓𝑡2
𝑡𝑟𝑒𝑒
) =
Basal Area per Acre (
𝑓𝑡2
𝑎𝑐𝑟𝑒) 
Trees per Acre
 
 
Quadratic Mean Diameter (𝑖𝑛) = 12 ∗ 
√4 ∗ Basal Area per Tree (
𝑓𝑡2
𝑡𝑟𝑒𝑒) 
𝜋
 
 
Allometric Equations: 𝐴𝑑𝑗𝑢𝑠𝑡 𝑡ℎ𝑒 𝑎𝑙𝑙𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝑡𝑜 𝑏𝑒 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑒𝑣𝑒𝑛𝑡 𝑡ℎ𝑎𝑡 𝑡ℎ𝑒  
𝑞𝑢𝑎𝑑𝑟𝑎𝑡𝑖𝑐 𝑚𝑒𝑎𝑛 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ℎ𝑎𝑠 𝑐𝑟𝑜𝑠𝑠 𝑡ℎ𝑒 11 𝑖𝑛𝑐ℎ𝑒𝑠 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑡 𝑏𝑟𝑒𝑎𝑠𝑡 ℎ𝑒𝑖𝑔ℎ𝑡 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑. 
Wood/Bark/Foliage Weight (𝑙𝑏) =   a ∗ Quadratic Mean Diameter (𝑖𝑛)2
𝑏
 
Wood/Bark Weight (𝑙𝑏) =   a′ ∗ Quadratic Mean Diameter (𝑖𝑛)2
𝑏′
 
 
Foliage Weight (𝑙𝑏) =  Wood/Bark/Foliage Weight (𝑙𝑏)  − Wood/Bark Weight (𝑙𝑏)  
 
Foliage Mass (𝑘𝑔) = Foliage Weight (𝑙𝑏) ∗ 453.592 / 1000 
 
Area per Tree (
𝑚2
𝑡𝑟𝑒𝑒
) = Foliage Mass (𝑘𝑔) ∗ Specific Leaf Area (
𝑚2
𝑘𝑔
) 
Leaf Area Indexspecies = Area per Tree (
𝑚2
𝑡𝑟𝑒𝑒
) ∗ Trees per Acre ∗  0.000247105 
 
For each pixel: 
 
Total Leaf Area Index =  ∑ Leaf Area Indexspecies 
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Appendix E 
Vegetation parameters for each type of forest cover in each model. A full description of 
parameters is available on the RHESSys Wiki (http://wiki.icess.ucsb.edu/rhessys/Strata). 
  
 6 Unique FIA Forest Types 
Average 
Forest Single Trees 
Parameter 
Elm/ 
Ash/ 
Cotton-
wood 
Loblolly/ 
Shortleaf 
Pine 
Non 
stocked 
Oak/ 
Gum/ 
Cypress 
Oak/ 
Hickory 
Oak/ 
Pine Average 
Red 
Maple 
White 
Oak 
Loblolly 
Pine 
K_absorptance 
0.8 
0.738924 0.8 
0.5 
0.64 0.7 0.68 0.5 0.5 0.8 
K_reflectance 0.15 0.153489 0.15 0.3 0.23 0.19 0.21 0.3 0.31 0.1 
K_transmittance 0.05 0.113695 0.05 0.21 0.14 0.12 0.13 0.2 0.22 0.1 
PAR_absorptance 0.81 0.916342 0.8 0.73 0.8 0.84 0.84 0.65 0.8 1 
PAR_reflectance 0 0 0 0.16 0 0 0.01 0.33 0 0 
PAR_transmittance 0.19 0.083658 0.2 0.11 0.2 0.16 0.16 0.02 0.2 0 
epc.alloc_crootc_stemc 0.29 0.304769 0.22 0.28 0.34 0.34 0.32 0.22 0.22 0.317167 
epc.alloc_frootc_leafc 1.58 1.688547 1.2 1.55 1.54 1.61 1.61 1.2 1.2 1.76 
epc.alloc_livewoodc_woodc 0.12 0.09966 0.16 0.13 0.12 0.11 0.11 0.16 0.16 0.071 
epc.alloc_prop_day_growth 0.35 0.437979 0.1 0.32 0.34 0.39 0.39 0.1 0.1 0.5 
epc.alloc_stemc_leafc 2.22 2.226441 2.2 2.21 2.22 2.23 2.22 2.2 2.2 2.239 
epc.allocation_flag dynamic dynamic dynamic dynamic dynamic dynamic dynamic dynamic dynamic dynamic 
epc.daily_fire_turnover 0 0 0 0 0 0 0 0 0 0 
epc.day_leafoff 295 295 295 281.82 293.99 295 296.28 295 295 295 
epc.day_leafon 98.6 76.73164 100 114.03 98.81 92.27 93.46 74 74 60 
epc.deadwood_fcel 0.27 0.282344 0.77 0.26 0.27 0.27 0.27 0.805 0.77 0.71 
epc.deadwood_flig 0.73 0.717656 0.23 0.74 0.73 0.73 0.73 0.195 0.23 0.29 
epc.ext_coef 0.52 0.515299 0.54 0.52 0.52 0.52 0.52 0.54 0.54 0.51 
epc.flnr 0.06 0.047065 0.08 0.06 0.06 0.05 0.05 0.08 0.08 0.04 
epc.froot_cn 51.72 53.73474 48 54.96 54.49 53.77 54 48 63.5 53.44 
epc.froot_turnover 0.75 0.675839 1 0.78 0.77 0.73 0.73 1 1 0.628429 
epc.frootlitr_fcel 0.42 0.412507 0.44 0.43 0.43 0.42 0.42 0.44 0.474 0.406 
epc.frootlitr_flab 0.27 0.245632 0.34 0.28 0.27 0.26 0.26 0.34 0.324 0.233 
epc.frootlitr_flig 0.32 0.341861 0.22 0.29 0.3 0.32 0.32 0.22 0.202 0.361 
epc.gl_c 0 7.38E-05 5.07E-05 0 0 0 0 7.11E-05 5.67E-05 8.16E-05 
epc.gl_smax 0.01 0.007379 0.005074 0.01 0.01 0.01 0.01 0.007112 0.005667 0.00816 
epc.gr_perc 0.25 0.220915 0.25 0.25 0.25 0.24 0.24 0.25 0.25 0.2 
epc.height_to_stem_coef 11.39 11.39 11.39 11.39 11.39 11.39 11.24 11.39 11.39 11.39 
epc.height_to_stem_exp 0.57 0.57 0.57 0.57 0.57 0.57 0.58 0.57 0.57 0.57 
epc.kfrag_base 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 
epc.lai_ratio  2.02 2.349025 2 2 2.01 2.12 2.13 2 2 2.6 
epc.leaf_cn 35.12 38.67502 26.26564 32.9 32.14 35.1 35.22 26.15159 21.34921 42 
epc.leaf_turnover 0.78 0.694056 1 0.81 0.81 0.76 0.76 1 1 0.628429 
epc.leaflitr_cn 76.96 86.67694 55 79.62 73.4 78.81 79.65 73.025 59.4 93 
epc.leaflitr_fcel 0.45 0.448234 0.44 0.43 0.43 0.43 0.44 0.38 0.44 0.45 
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epc.leaflitr_flab 0.34 0.322364 0.38 0.36 0.36 0.35 0.34 0.447 0.38 0.31 
epc.leaflitr_flig 0.22 0.229403 0.18 0.21 0.21 0.22 0.22 0.173 0.18 0.24 
epc.livewood_cn 673.01 707.033 550 565.97 659.27 682.89 680.07 50 550 730 
epc.livewood_turnover 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 
epc.max_lai 6.07 7.163418 6 6.01 6.02 6.39 6.42 6 6 8 
epc.maxlgf 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
epc.ndays_expand 20 20 20 20 20 20 20.12 30 30 20 
epc.ndays_litfall 21.05 37.45127 20 20.1 20.56 25.8 25.87 30 30 50 
epc.phenology.type DECID EVER DECID DECID DECID DECID DECID DECID DECID EVER 
epc.phenology_flag static static static static static static static static static static 
epc.ppfd_coef 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
epc.proj_sla 15.52 9.404936 44.25111 17.04 17 13.77 13.53 32 25.75041 5.4 
epc.proj_swa 1.5 1.441829 1.5 1.45 1.49 1.48 1.49 1.4 1.5 1.4 
epc.psi_close -2.21 -2.3338 -2.2 -2.1 -2.1 -2.19 -2.19 -2.2 -2 -2.5 
epc.psi_open -0.35 -0.49183 -0.34 -0.27 -0.27 -0.35 -0.35 -0.34 -0.2 -0.65 
epc.storage_transfer_prop 1 0.941829 1 1 0.99 0.98 0.99 1 1 0.9 
epc.tcoef 0.42 0.298043 0.2 0.48 0.47 0.39 0.39 0.7316 0.7786 0.2 
epc.tmax 41.01 40.44155 40 41.24 41.22 40.86 40.86 42.5 42.5 40 
epc.topt 18.12 16.307 15 18.68 18.6 17.55 17.54 22.7 22.1 15 
epc.veg.type TREE TREE TREE TREE TREE TREE TREE TREE TREE TREE 
epc.vpd_close (x1000) 3373.62 3135.892 3600 3409.61 3142.08 3221.3 3191.24 2749 4100 3100 
epc.vpd_open (x1000) 1035.47 775.6702 1100 1000.26 987.25 941.34 934.76 907 1100 610 
gsurf_intercept 1E+08 1E+08 1000000 1E+08 1E+08 1E+08 1E+08 1E+08 1E+08 1E+08 
gsurf_slope 0 0 0 0 0 0 0 0 0 0 
lai_stomatal_fraction 1 1 1 1 1 1 1 1 1 1 
max_heat_capacity 0 0 0 0 0 0 1 0 0 0 
min_heat_capacity 0 0 0 0 0 0 0 0 0 0 
mortality 0.01 0.005 0.005 0.01 0.01 0.01 0.01 0.005 0.005 0.005 
mrc.per_N 0.21 0.208234 0.2 0.21 0.21 0.21 0.21 0.2 0.2 0.21 
mrc.q10 1.7 1.606952 2.603636 1.9 1.87 1.76 1.75 2.395135 2.211087 1.5 
specific_rain_capacity 0 0.000349 0.0005 0 0 0 0 0.0005 0.0005 0.00024 
specific_snow_capacity 0 0.000558 0.001 0 0 0 0 0.001 0.001 0.00024 
ustar_overu -999.9 -999.9 -999.9 -999.9 -999.9 -999.9 -999.9 -999.9 -999.9 -999.9 
wind_attenuation_coef 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
 
 
